Lipopolysaccharide (LPS) was isolated from two strains of Agrobacterium tumefaciens and analysed. It contained phosphate, hexose, hexosamine, fatty acids and 2-keto-3-deoxyoctonic acid. Of the compounds commonly found in LPS, heptose and galactosamine were absent. The fatty acid composition of the agrobacterial LPS is unique, since only 3-hydroxytetradecanoic acid and 3-hydroxyhexadecanoic acid were significant components. 3-Hydroxyhexadecanoic acid was linked via an amide bond to the carbohydrate backbone.
INTRODUCTION
The understanding of the mechanism of specific recognition between a plant cell wall and a bacterial surface has made considerable progress. Recent results (Wolpert & Albersheim, 1976; Dazzo & Hubbel, 1975) indicate that a lectin-type interaction of the legume plant cell surface with the 0-antigen of their specific rhizobia might be involved. The first step in the tumorigenesis by Agrobacterium of its target cells also probably involves specific recognition. Very little is known of its molecular mechanism. Since Rhizobium and Agrobacterium are closely related a kind of lectin-type interaction involving somatic antigens of the invading bacteria might not be unexpected.
The extracellular polysaccharides of both Rhizobium and Agrobacterium have been extensively studied (Bjorndal et al., 1971 ; Dundman, 1964; Humphrey & Vincent, 1959) but little analytical work has been done on the lipopolysaccharide (LPS) of these genera. We describe here the isolation and chemical analysis of purified LPS from two crown gallforming strains of Agrobacterium tumefaciens. A preliminary report of this work has been presented (Salkinoja-Salonen & Boeck, 1976) .
METHODS
Bacterial cultures. Agrobacterium tumefaciens strains 0362 and T T~ 1 1 were obtained from Professor J. de Ley, Laboratory of Microbiology and Microbial Genetics, State University, Gent, Belgium. They were maintained on slants containing (g 1-l): glucose, 10; yeast extract, 10; (NH4),S04, 1; KH2P04, 0.025; and agar, 15; the pH was 6.5. Salmonella typhimurium strains sL1181 and ~~4 2 4 7 , used as reference strains, were obtained from Professor P. H. Makela, Central Public Health Laboratory, Helsinki, Finland, and Pseudomonas aeruginosa strain PAC1 from Dr P. M. Meadow, Department of Biochemistry, University College London.
Isolation of LPS. The strains were grown in the medium described above (without agar) at 28 "C in a 14 1 vessel of a laboratory fermenter (New Brunswick) with forced aeration (1 litre air per litre medium min-l) and agitation (200rev. min-l). Cultures were harvested at a turbidity of 140 to 150 Klett units (filter 54) by centrifugation at 3000g at 8 "C and the organisms were washed twice with 0.9 % (w/v) NaCI. The amount of slime adhering to the cells was negligible. LPS was extracted from lyophilized cells by 45 % (w/v) phenol (strains ~~1 1 1 , ~~4 2 4 7 , sLll81, PAc1) as described by Westphal & Jann (1965) and by CHCl,/petroleum
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ether/phenol (strain 0362) as described by Galanos, Luderitz & Westphal (1969) . The phenol was removed by extensive dialysis (four to six changes, 3 x 24 h). The solution was then concentrated 10-fold by rotary evaporation and centrifuged at 3000 rev. min-l for 30 min to remove aggregates. The LPS was collected by centrifugation at 27000 rev. min-l for 4 h in the SW27 rotor of a Spinco ultracentrifuge at 4 "C. Purification of agrobacterial LPS. The LPS was dissolved (5 to 10 mg ml-l) in buffer (10 m-Tris/HCl, pH 7-6, 50 mM-KCI, 10 mwmagnesium acetate); deoxyribonuclease (10 pg ml-l), ribonuclease (50 pg ml-l) and lysozyme (100 pg ml-l) were added and the solution was incubated for 3 h at 37 "C. Chloroform (5 vol.) and methanol (8 vol.) were then added and the solution was vigorously mixed for 5 s. After 1 h the mixture was centrifuged (20 min; 20008) and Rater (3 vol.) and chloroform (11 vol.) were added to the supernatant. After mixing, the phases were separated by centrifugation (10 min; 1500g) and the organic phase was washed with 0.2 vol. of theoretical upper phase (CHC13/H20/CH30H, 3 :47:48, by vol.). Organic solvents were removed from the combined water phases by evaporation to one-fifth of the original volume. Finally the LPS was collected by ultracentrifugation as above. The yield was approximately 100 mg purified LPS for every 2 g dry cells.
QuaZitative anaZyses. The LPS was hydrolysed for thin-layer chromatography of the sugars in 4 M-HC~ at 100 "C for 4 h. Chromatograms prepared from LPS hydrolysed in 1 M-HCI instead of 4 M-HCl showed no new spots. Plates of Kieselgel 60 (Merck; 0.25 mm) were sprayed with 0.05 M-N~,B,O, and activated at 115 "C for 50 min before use. The chromatograms were developed twice for 11 cm in 1-propanol/water (70: 20, v/v) and stained with the diphenylamine reagent no. 12 (Stahl, 1967) . The sugars were identified by comparison with standard compounds and with LPS preparations of known sugar compositions (S. typhimurium ~~4 2 4 7 , sL1181, P. aegurinosa pAc1).
Quantitative analyses. Samples were digested in H2S04/H202 and their phosphorus content was measured by the method of Bartlett (1959) . 2-Keto-3-deoxyoctonate (KDO) was determined as described by Osborn (1963) , and rhamnose and heptose by the method of Dische (1963) using D-manno-heptulose (Sigma) and L-rhamnose (Fluka, Buchs, Switzerland) as standards. Glucose was determined by the glucose oxidase test (Boehringer) after hydrolysis in 1 M-HCl (100 "C; 4 h). Amino sugars were analysed after hydrolysis in 6.1 M-HCl (105 "C; 4 h) using an automatic analyser as described by Chester, Meadow & Pitt (1973) . Hexosamine content was also determined colorimetrically (Rondle & Morgan, 1955) , and hexoses by the anthrone reaction (Keleti & Lederer, 1974) . The amount of fatty acids was determined both colorimetrically (Itaya & Ui, 1965 ) and by gas-liquid chromatography (see below).
Fatty acid analyses.
Methyl esters of the following fatty acids were used as reference compounds: dodecanoic, tetradecanoic, hexadecanoic (all from Merck), heptadecanoic and octadecanoic acids (both from Roth, Karlsruhe, F.R.G.) ; 3-hydroxydodecanoic, 3-hydroxytetradecanoic and 3-hydroxyhexadecanoic acids (all from Applied Science Laboratories) ; 2-hydroxytetradecanoic acid (Fluka) and 2-hydroxyhexadecanoic acid (Koch-Light); and a mixture of branched (both is0 and anteiso) chain fatty acid methyl esters (BC-mix L, Applied Science Laboratories). Identification of Az-and A3-unsaturated fatty acids and 3-methoxytetradecanoic acid was based on the retention time data of these compounds (E. T. Rietschel, personal communication). Fatty acids were liberated from the LPS by alkaline hydrolysis (4 M-KOH; 5 h; 100 "C) or by methanolysis in sulphuric acid/methanol (6:94, v/v; 70 "C; 6 h). Ester-bound acids were converted into methyl esters by transesterification in 0.25 M-N~OCH, in methanol as described by Rietschel et al. (1972) . The amidelinked fatty acids were identified by alkaline hydrolysis (4 M-KOH; 5 h; 100 "C) of the diethyl ether-insoluble residue obtained after the transesterification. Free fatty acids were carbomethylated with diazomethane in diethyl ether (Schlenk & Gellerman, 1960) . Hydroxy fatty acids were separated from the non-polar fatty acids by thin-layer chromatography at 37 "C on Kieselgel G (Merck; 0.25 mm) using ethyl acetate/chloroform (1 :4, v/v; 7 cm) and then benzene (14 cm) as solvents. The spots were visualized by spraying with fluorescein (0.05 %, w/v, in ethanol), scraped off, extracted with 4 x 4 ml chloroform/methanol (2: 1, V/V) in an ultrasonic bath and analysed by gas-liquid chromatography (g.1.c.).
Gas-liquid chromatography. Fatty acid methyl esters were separated on two different columns of stainless steel (2 mm x 200 cm): EGSS-X (10% on Gas Chrom P, 100/120 mesh) at 165 "C and SE-30 (3 % on Gas Chrom Q, 80/100 mesh) at 180 "C. A Perkin-Elmer gas chromatograph F11 equipped with a flame ionization detector was used. Nitrogen (30 ml min-l) was used as carrier gas and heptadecanoic acid methyl ester was used as an internal reference for the quantitative determination of the fatty acids. The amounts of individual fatty acids present were calculated from the chromatograms obtained on the EGSS-X columns.
R E S U L T S
Purity of LPS preparations We used the phenol/water procedure of Westphal & Jann (1965) for the first extraction of LPS. For strain 0362, the modified petroleum ether/chloroform/phenol extraction When the isolated products were screened for amino compounds in the amino acid analyser, glucosamine and glucosamine phosphate were found together with substantial amounts (10 to 70 pg mg-l) of alanine, glutamic acid, glycine and substances whose peaks coincided with those for muramic acid and diaminopimelic acid. It was concluded that the product was contaminated with murein. Digestion with lysozyme removed all of the amino acid peaks from the analyser spectrum and was subsequently used routinely. Table 1 shows the quantities of fatty acid, phosphorus, hexosamine, KDO and hexoses recovered from purified LPS of strains 0362 and T T~ 1 1 of A. tumefaciens. The material is of true glycolipid nature, for 6 o/o (TTI 11) and 10% (0362) of it is fatty acid. The colorimetric method gave a higher value for the fatty acid content than did the g.1.c. method. The reason for this discrepancy remains unknown. Fatty acid, phosphorus, hexose, hexosamine and KDO together represented about 50% (w/w) of the purified LPS. No heptose was found. This absence was verified by running parallel analyses in which heptose (50pg mg-l) or LPS of S. typhimurium ~~4 2 4 7 (known to contain 0.20 pmol heptose mg-l) was mixed with the agrobacterial LPS. The measurement of heptose gave the expected results, hence the negative results with the agrobacterial LPS cannot be due to the presence of components which interfere with the estimation of heptose.
Chemical composition of LPS preparations

Sugar analysis of LPS preparations
A qualitative pattern of the sugar content of the LPS preparations was obtained by thinlayer chromatography on plates pre-impregnated with sodium tetraborate. In this way a sharp separation was obtained for a large number of sugars on a single run, including the three epimeric hexoses (glucose, galactose and mannose). The chromatographic separation of sugars gave the same five major spots for the LPS of strains T T~ 1 1 and 0362 of A. tzime-.faciens, namely galactose, glucose, mannose, rhamnose and glucosamine. In addition, faint spots were seen which had the same apparent RF, but not the colour, of spots from standard fucose and xylose.
The amount of glucose in all LPS preparations was about 1 % (w/w) ( Table 2 ). The amount of rhamnose, however, varied considerably from one preparation to another and also within a single strain. Analyses of preparations from strain 0362 with high and low contents of rhamnose (I and I1 in Tables 1 and 2) showed that such variation did not occur in other constituents of LPS.
The only amino compounds detected by automated amino compound analysis of the pure LPS product after hydrolysis in 6.1 M-HC1 (see Table 2 ) were glucosamine phosphate and glucosamine. From the LPS of strain 0362, the amount of glucosamine plus glucosamine phosphate recovered approached the amount found by the method of Rondle & Morgan (1955) . From the LPS of strain TTI 11, less than one-half of the 'Rondle & Morgan hexosamine' was recovered by the amino acid analyser in the form of glucosamine plus glucosamine phosphate. Instead, a large amount of amino compounds was eluted from the ion exchange resin in the final NaOH wash. This was not seen with the LPS of strain 0362 or with other LPS materials which Rere analysed. Therefore, the LPS of strain ~~1 1 1 may contain labile amino compounds destroyed by the conditions used for hydrolysis in the present experiments.
Fatty acid anclysis of LPS preparations Fatty acids in the agrobacterial LPS preparations were identified by comparing their retention times with those of the reference compounds on two columns having different separation properties. The LPS of both strains of A . tumefaciens contained only 3-hydroxytetradecanoic acid and 3-hydroxyhexadecanoic acid, in a ratio of 3: 1 (Table 3) . Cisvaccenic acid (All-octadecenoic acid) which predominates in the cellular lipids, constituting approximately 80% of all fatty acid present, was virtually absent in the LPS. About 200t; of the fatty acids of crude LPS was found to be cis-vaccenic acid but this was removed by extraction with chloroform/methanol. Very little hydroxy acid, if any, was removed by such an extraction. We therefore conclude that cis-vaccenic acid is not covalently bound to the LPS. The identity of the fatty acids recovered from the agrobacterial LPS was confirmed by separation of the polar and the non-polar fatty acid methyl esters by thin-layer chromatography. The methyl esters were extracted from the spots on the silica gel plate and reanalysed by g.1.c. Both of the major peaks in the LPS chromatograms were found to have comigrated with the authentic 3-hydroxytetradecanoic and 3-hydroxyhexadecanoic acids. We thus conclude that there are no non-polar fatty acids in the LPS of strains 0362 and-TTll1 of A . tumejaciens.
Alkaline hydrolysis of the agrobacterial LPS yielded the same major fatty acids as did direct methanolysis with sulphuric acid/methanol (Fig. 1 a, b) . The peaks present in Fig. l ( 6 ) but not in Fig. l ( a ) have retention times similar to those of A2-tetradecenoic acid, A3-tetradecenoic acid, 3-methoxytetradecanoic acid and A2-hexadecenoic acid. These compounds can be expected to arise from chemical modification of the respective 3-hydroxy acids during alkaline hydrolysis (Rietschel, Liideritz & Volk, 1975) . The occurrence of these artefacts thus confirms the identification of the two major peaks as 3-hydroxytetradecanoic and 3-hydroxyhexadecanoic acid.
Linkage of fatty acids to LPS
Ester-bound fatty acids are liberated from LPS by NaOCH, (Rietschel et al., 1972) . When the LPS of strains 0362 and ~~1 1 1 were subjected to transmethylation in 0.25 M-NaOCH, in methanol, over 90% of the 3-hydroxytetradecanoic acid was released but none of the 3-hydroxyhexadecanoic acid. When the de-acylated ether-insoluble residue obtained after transmethylation in 0.25 M-N~OCH, was digested in strong alkali and carbomethylated with diazomethane, only one major peak, that for the 3-hydroxyhexadecanoic acid, was found by subsequent g.1.c. analysis. This means that only the 3-hydroxyhexadecanoic acid is linked via amino groups to the carbohydrate backbone in the agrobacterial LPS.
D I S C U S S I O N
Although the structure of the 0-side chains of LPS is greatly diversified, the core region is similar for large groups of bacteria (for review, see Galanos et al., 1977) . Common components of the LPS core are KDO, heptose, phosphate, non-polar and 3-hydroxy fatty acids, glucosamine, galactosamine and hexoses. The LPS of A . tumefaciens also contains these compounds except for heptose, galactosamine and non-polar fatty acid. The hexoses found were glucose, galactose, mannose and rhamnose. No attempt was made to isolate and analyse the core separately from the total LPS. Brien (1968) isolated and analysed qualitatively the sugars and amino sugars of LPS of Rhizobium and Agrobacterium including six strains of A. tumefaciens. They reported the same sugars for A. tumefaciens as we have found and, in addition, fucose or 0-methylglucuronic acid in some of the strains. Heptose was absent. Our results thus confirm those of Graham & O'Brien although we used different strains whose relatedness to theirs is not known. The species A. tumefaciens includes a wide variety of Gram-negative rods which, in some cases, have tumorigenicity towards plants as the only common property (Kersters et al., 1973 ; Lippincott & Lippincott, 1975) .
We know of no previous report on the fatty acids of the LPS of A . tumefuciens. Rhizobial LPS has been reported to contain 3-hydroxytetradecanoic, 3-hydroxyhexadecanoic, 3-hydroxyoctadecanoic and hexadecanoic acids (Russa & Lorkiewicz, 1974 . Such long-chain hydroxy fatty acids have also been reported in a number of phylogenetically unrelated bacteria including Coxiella burneti (Chan, McChesney & Paretsky, 1976) , Fusobacterium nucleatum (Hase, Hofstad & Rietschel, 1977) and the blue-green alga Anabaena variabilis (Weckesser et al., I. 974) .
A distinctive feature of the LPS of A . tumefaciens is the fact that it contains hydroxylated fatty acids only. In the LPS of the species mentioned above, the hydroxy fatty acids usually account for less than 50 yo of the total fatty acids although the LPS of Rhizobium trifolii has an unusually high hydroxy fatty acid content, i.e. 70% of the total (Russa & Lorkiewicz, 1974) . It is tempting to expect correlation between this unusual feature of the LPS of A. tumefaciens and R. trifolii and their unique ability to adhere specifically to plant cell walls in the infection process leading to tumour (nodule) production. However, more strains of Rhizobium and Agrobacterium need to be studied before conclusions can be drawn.
